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Geomagnetic Pc5–6 (1–4 mHz) pulsations during three magnetic storms have been analyzed using ground ob-
servations at an array of 5 Indian stations ranging from 0.8◦ to 25◦ dip latitudes and two pairs of low-latitudes
(∼20◦)—near equator (∼4–5◦) stations, located at∼4 hours to theWest and East from this meridian. The pulsations
are found to occur as individual wave packets that are characterized by similar spectra at all stations with two
dominate bands of frequencies: ∼1.5–2.0 mHz and ∼2.5–4.0 mHz. Very strong daytime equatorial enhancement
of the wave intensity has been noted. The higher enhancement is observed near noon while it is reduced towards the
morning and evening sectors. The polarization of both frequency bands at the equator is found to be almost linear,
mainly along the H -direction. It has been found that the amplitude of the D-component decreased with decrease in
the latitude towards the equator. One of the spectral peaks is observed exclusively at the dip equator station and it
has been attributed to the generation/amplification of MHD waves by the equatorial electrojet instabilities.
The mechanism of day time equatorial enhancement of long period geomagnetic pulsations and the propagation
characteristics are discussed.
1. Introduction
Many researchers have reported on the ground-based ob-
servations of large amplitude and long period (f ∼ 1–6mHz)
day time Pc5–6 geomagnetic pulsations typical at high and
polar latitudes (e.g. Walker et al., 1992; Dunlop et al., 1994;
Ziesolleck and McDiarmid, 1994; Bolshakova et al., 1995;
McHarg et al., 1995). Themechanism of their generation ap-
parently corresponds to field line resonances driven by mag-
netosphere cavity orwaveguidemodes (Harrold and Samson,
1992; Samson et al., 1992).
However, the geomagnetic Pc5–6 range variations are also
observed at low latitudes (Lilley and Bennett, 1973). The
spatial structure of mid and low-latitudes (∼21–48◦ geomag.
lat.) Pc5 has been discussed by Ziesolleck and Chamalaun
(1993). These authors have founda sharpdecrease of the pure
state total power spectra pulsations with latitude and increas-
ing probability of low latitude Pc5 occurrence with magnetic
activity. The development of strong magnetic storms leads
to significant large-scale structural changes of the magneto-
sphere, and, thus, the properties of geomagnetic pulsations
observed on the ground are expected to change significantly.
The unusual globally coherent Pc5 geomagnetic event dur-
ing one of the greatest magnetic storms on March 24, 1991
has been recorded between 12–14 UT on the ground-based
magnetometers at low latitudes as well as near the equator
(Liu et al., 1993; Reddy et al., 1994; Trivedi et al., 1997). En-
hanced amplitudes of Pc5–6 pulsations have been observed
in the afternoon. Unfortunately there were no low latitude
and equatorial stations located near noon, as such, the de-
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tailed characteristics of storm-time equatorial and low lati-
tude Pc5–6 geomagnetic pulsations are not well established.
The aim of the present paper is to analyze the daytime pe-
culiarities of storm-time Pc5–6 pulsations at low and equato-
rial regions using an array of 5 Indian stations from near the
dip equator to low latitudes and two pairs of low latitude—
near equator stations located at ∼4 hours to the West and
East from the array.
2. Data
Our investigation is based on digitized one minute sam-
pling geomagnetic data on the latitudinal array of five Indian
stations and digital INTERMAGNET data from two pairs of
low latitude and near dip equator observatories. The coordi-
nates of the stations are given in Table 1. East or west longi-
tudinal separation of these two INTERMAGNET meridians
from Indian meridian is about 4 hrs. The schematic pre-
sentation of the station locations is shown in Fig. 1. Only
one station—Trivandrum (TRD) is situated near the dip equa-
tor. Three stations—Bangui (BNG), Pondicherry (PND) and
Guam (GUA) are located at few degrees away from the dip
equator.
One minute values of the geomagnetic H and D com-
ponents were filtered using a zero-phase shift sixth order
Butterworth type “band pass” filter for the frequency ranges
0.5–6.0 mHz (Otnes and Enochson, 1978). The amplitude
spectra are computed by direct Fourier transform, amplitudes
are smoothed by sliding window method over 5 points.
The long period geomagnetic pulsations during three
strong magnetic storms on 21–22 February 1994, 16–18
April 1994 and 18–20 October 1995 have been selected for
the study.
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Table 1. List of observatories.
Geographic Geomag. (Dipole)
Station name Code lat. Long (◦E) lat. Long (◦E)
Alibag ABG 18.63 72.87 9.74 145.57
Bangui BNG 4.44 18.57 4.54 89.86
Guam GUA 13.58 144.87 4.27 214.26
Gulmarg GUL 34.08 74.40 24.93 148.85
Kakioka KAK 36.23 140.19 26.31 207.26
Pondicherry PND 11.92 79.92 2.37 151.69
Tamanrasset TAM 22.79 5.53 25.07 80.86
Trivandrum TRD 8.48 76.95 −0.77 148.45
Ujjain UJJ 23.18 75.78 13.97 148.84
Fig. 1. Schematic map of station’s location.
3. Experimental Results
The analyzed Pc5–6 geomagnetic pulsations at low and
equatorial latitudes look like isolated simultaneous wave
packets at every station.
Figure 2 shows the spectral distribution of the H and
D components of geomagnetic pulsations in the frequency
range 0.5–6.0 mHz on February 22, 1994 for the time 05–
08 UT. This time corresponds to near local noon at Indian
meridian, local morning at TAM-BNG and afternoon at
KAK-GUA. A clearly defined and relatively broad max-
imum at 1.6–2.2 mHz is present at all the stations with
the largest amplitude in the H component near noon. The
strongest waves in the H -component are observed at the dip
equator (TRD). At all meridian profiles, the amplitude of
the H -component of geomagnetic pulsations increased as
the dip equator is approached. This effect was stronger at
noon and afternoon time than in the morning (TAM-BNG).
The 1.6–2.2 mHz pulsation amplitudes near the dip equator
(TRD) were twice larger than at a few degrees off-equatorial
station (PND).
A very narrow spectral peak, at 1 mHz, has also been
observed at all the stations with pronounced amplitude at the
equator. One additional spectral maximum between ∼2.5
and 4.0 mHz has seen only at the dip equator (TRD).
Similar day time equatorial enhancements of the H com-
ponent of Pc5–6 geomagnetic pulsations are observed at the
Indian array of stations at 02–08 UT on April 17, April 18,
1994 and October 20, 1995.
In Fig. 3 are shown the 1.6–2.2 mHz filtered pulsations
at three near dip equator stations—BNG, PND and GUA on
Feb. 22, 1994 in the interval 02–11UT. The pulsations occur
as individual simultaneouswave packets with similar appear-
ance over the whole range of longitudes. The amplitude of
the wave packet observed between 02 and 04 UT was the
largest at GUA, (near local noon), and the amplitude of an-
other wave packet observed between 07 UT and 08 UT was
the strongest at PND (local noon). This fact demonstrates
the H -component enhancement of the equatorial Pc5–6 pul-
sations intensity is confined to near local noon times.
Contrary to the properties of the H -component of pulsa-
tions, the behaviour of the D-component seems different.
Firstly, in spite of the general similarity of the H and D
component spectra, the wave intensity in the D component
decreases with decrease in the latitude (Fig. 2). This fact is
most pronounced near noon (Indian meridian).
The same tendency (enhancement of amplitudes in H and
reduction in D at the dip equator) has been observed on
February 21, 1994 (with SSC at 09.01 UT). In the ana-
lyzed interval 09.30–12.30 UT, as in the previous events, the
amplitudes of the D component of geomagnetic pulsations
decreased with decrease in the latitudes towards the equa-
tor. The Indian meridian was located in the afternoon sector
of the Earth. The smoothed spectra of the H component at
four Indian stations are presented in the Fig. 4 (Alibag data
were discarded because they were not of good quality at that
time). There are two spectral peaks at the dip equator sta-
tion Trivandrum (TRD). These are in the frequency ranges
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Fig. 2. Spectra of H and D in the frequency range 0.5–6.0 mHz at three longitudinal sectors on February 22, 1994.
Fig. 3. Filtered pulsations (in the interval 1.6–2.2 mHz) at three stations,
BNG, PND and GUA, “close to the dip equator”, on February 22, 1994.
Fig. 4. Spectra of geomagnetic pulsations in H between 0.5–6.0 mHz at
Indian stations on February 21, 1994.
1.6–2.2 mHz and 2.5–3.0 mHz which are not distinguished
as separate in the spectra at higher latitude stations. We can
speculate that these waves could be generated directly by the
equatorial electrojet associated instabilities.
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Fig. 5. Spectra of geomagnetic pulsations in H between 0.5–6.0 mHz at the three longitudinal sectors on April 17, 1994 at 18–21 UT.
Fig. 6. Same as Fig. 5 but for October 18, 1994 at 13–14 UT.
In the night no equatorial enhancement of pulsation am-
plitude was observed. In Fig. 5 are shown the spectral dis-
tributions of Pc5–6 geomagnetic pulsations at three merid-
ian stations for the event on April 17, 1994 at 18–21 UT.
This time corresponds to the local evening at TAM-BNG,
the midnight at GUL-ABG-TRD and the early morning at
KAK-GUA. There was a common peak of power between
1 and 2 mHz at all these stations, but contrary to daytime
amplitude enhancement of H -component of pulsations, in
the morning and evening, amplitudes show a systematic de-
crease with decrease in the latitude. For example, at the
Indian meridian, i.e. near midnight, the intensity of ∼1.6
mHz oscillations at dip latitude of ∼25◦ (GUL) was larger
than at the dip equator (TRD).
The same was observed at 13–14 UT on October 18, 1995
(Fig. 6). In the evening (Indian meridian) and near midnight
(KAK-GUA) the equatorial enhancement was not observed.
Only in the early afternoon at 14–15 LT (TAM-BNG) the
amplitude of Pc5–6 (f = 1.0–1.7 mHz) increases toward the
dip equator.
The daytime wave polarization near the dip equator was
almost linear, mainly along the H -direction for all events
analyzed. The linear polarization nearly along the magnetic
meridian was observed by Kitamura et al. (1988) and Saka et
al. (1988) for Pi2 and Pc3–4 pulsations at low and equatorial
latitudes.
4. Discussion and Summary
To summarize, our results of analysis show that there is
a significant enhancement of the H -component of storm-
time Pc5–6 range (1–4 mHz) geomagnetic pulsations at the
dip equator near local noon. Similar enhancements of other
classes of shorter period geomagnetic pulsations with day-
time (Pi2 andPc3–4) are clearly established fromearlier stud-
ies (Jain and Srinivasacharya, 1975; Sastry et al., 1979, 1983;
Saka et al., 1988; Sarma et al., 1991; Sarma andSastry, 1995;
Shinohara et al., 1998). It is also known that the equatorial
electrojet can have control on other geophysical phenomena.
The equatorial electrojet is characterized by zonal iono-
spheric conductivity, which is very high during the daytime.
In the nighttime the ionospheric conductivity is relatively re-
duced. Our results show that in the early morning and in
the late evening as well as in the night there were no Pc5–6
amplitude enhancement in the vicinity of dip equator (Figs. 5
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and 6) in accordance with the variation in conductivity with
the local time.
The equatorial daytime enhancement of geomagnetic phe-
nomenaobviously is connectedwith the influence ofCowling
conductivity effects. But the mechanisms of that effect are
not fully understood.
Various mechanisms of the superposition of the electric
field to the equatorial ionosphere were considered by number
of researchers. Kikuchi andAraki (1979) proposed an instan-
taneous transmission of polar ionospheric electric fields into
the equatorial ionosphere. Kikuchi (1986) showed schemat-
ically that the westward electric field produced by the com-
pression of the magnetosphere is transmitted to the polar
ionosphere by the Alfve´n wave mode and then instanta-
neously to the equator. The electric field decreases mono-
tonically with decreasing latitude as has been noticed for the
pulsation amplitude of the D-component in our study.
One of the important characteristics of geomagnetic pul-
sations on the ground is an azimuthal wave number (m) and
a phase velocity (Vφ). At high and middle latitudes Pc5 pul-
sations propagate to the East and to theWest from local noon
with small azimuthal wave numbers m ∼ 1–3 (Samson et
al., 1992; Harrold and Samson, 1992; Schott et al., 1998).
Wehaveobtained them-number of equatorial Pc5–6pulsa-
tions using the digital one minute sampling interval
INTERMAGNET data from two longitudinally separated
pairs of stations TAM-BNG and KAK-GUA (∼125◦ sep-
aration) (Fig. 1). At 02–06 UT, the station pair KAK-GUA
is located near local noon and TAM-BNG in the early morn-
ing sector. We have computed the wave numbers, m, during
several magnetically disturbed days for these stations with
spectral peak in the frequency interval 1.6–2.2 mHz (Figs. 2,
5, and 6). Unfortunately, because of limitation of 1 minute
sampling, we can measure the wave phase differences be-
tween these profiles of stations with accuracy not better than
one minute. We have calculated the wave number using the




where R is the earth’s radius, S is the station separation, φ
is the estimated phase difference and λ is the latitude.
The calculated average m-value for waves with mean pe-
riod ∼500 sec between BNG and GUA (the geomagnetic
latitude ∼4.4◦) is ∼0.3–0.4 and it is nearly the same for
TAM-KAK (geomagnetic latitude ∼25◦). Similar very low
m-number has been reported by Kitamura et al. (1988) for
daytime Pi2 pulsations. According to their results the az-
imuthal wave number for very low latitude and equatorial
Pi2’s was about 0.2–0.3. This implies that Pc5–6 and day-
time Pi2 waves propagate to the earth’s surface in the vicinity
of dip equator as compressional waves or waves with con-
siderably strong m = 0 component contribution.
On the other hand, at high latitudes, for instance, between
Lerwick (58.2◦N, 82.5◦E) and Sodankyla (63.8◦N, 107.8◦E),
the Pc5–6 geomagnetic pulsations with a spectral peak in
the same interval of frequency ∼1.6–2.2 mHz for the events
discussed in this paper have been characterized by average
values of azimuthalwave numberm ∼ 3.0–3.5. This suggest
that the longitudinal phase velocity of Pc5–6waves is latitude
dependent, being slower at higher latitudes (m ∼ 3.5–4.0)
and faster at lower latitudes (m ∼ 0.3–0.4).
The azimuthal phase velocity (Vφ) according to Olson and
Rostoker (1978) is
Vφ = 2π f R cos λ
m
.
This calculation for the mean geomagnetic latitude of
BNG-GUA (∼4.4◦) gives the apparent phase velocity (Vφ) ∼
200 km/s for the waves with m ∼ 0.4. The same value of
phase velocity has been obtained by assuming the simple
expression given by Herron (1966) with respect to phase
wave propagation (with the knowledge of the phase front)
Vφ = x/t , where x is the station separation. The apparent
phase velocity between Sodankyla and Lerwick (at the ge-
omagnetic latitude ∼60◦) with mean period ∼500 sec and
m ∼ 3 should be ∼15 km/sec, that is much slower than at
low latitudes.
The phase velocity increases with increase of the period of
the pulsations. For instance the apparent longitudinal phase
velocity derived by Green (1976) for Pc3–4 pulsations (T ∼
20–60 sec) at geomagnetic latitude ∼54◦ with m ∼ 10 was
about one order of magnitude higher than for T ∼ 500 s with
m ∼ 3 (Sodankyla-Lerwick).
Shinohara et al. (1998) while analyzing geomagnetic data
from latitudinally dense network of stations in Brazilian sec-
tor have shown that the phases of Pi2 and Pc4–5 pulsations
lag at the dip equator (obscure) than those at low latitudes
during daytime. They have also shown that these lags will
increase with increase in wave frequency. For some events of
storm-time Pc5–6 events during daytime undertaken in this
investigation, phase differences between KAK (26.3◦) and
GUA (4.3◦) and between TAM (25.1◦) and BNG (4.5◦) are
observed. The phases at TAM and KAK lag on an average,
by nearly 40◦ (one min. lag for T ∼ 8–9 min) than those at
BNG and GUA. However, during daytime, there were some
simultaneous (with 1 min accuracy) events at KAK-GUA
and TAM-BNG whereas no latitudinal phase differences at
latitudinal range,∼4–25◦, were noticed during the nighttime.
Because the phase lags of equatorial pulsations are no-
ticed only during the daytime, the phase lags must be related
also to the high ionospheric conductivity. Shinohara et al.
(1998) suggested a simple model to explain the phase lag of
geomagnetic pulsations at dayside dip equator. This model
includes the induction effect associated with the configura-
tion of ionosphere-atmosphere-Earth layers.
The storm-time Pc5–6 pulsations at low latitudes and near
the dip equator show separate packet structure of constant fre-
quencywith amplitude growing anddecaying in time (Fig. 3).
One can suspect that each individual wave packet was trig-
gered by the same source like successions of solar wind im-
pulses or disturbances perturbing the magnetopause. As a
result, wave guide/cavitymodeswould be excited in themag-
netosphere cavity formed between the magnetopause and
turning point, where Alfve´n waves are reflected with phase
speeds matching the disturbance speed (e.g. Ruohoniemi et
al., 1991; Harrold and Samson, 1992; Samson et al., 1992).
Some of the waves in the range of 2.5–3.0 mHz recorded
on February 21, 1994 (Fig. 4)were only observed near the dip
equator (TRD) in thenetworkof Indian stations. Thesepulsa-
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tions could probably be attributable to the generation/ampli-
fication of MHD waves by the equatorial electrojet insta-
bilities. Saito (1983) has suggested the existence of non-
magnetospheric source of ULF disturbances at near equato-
rial latitudes. These fluctuations may be caused by the tur-
bulence of equatorial atmosphere and ionosphere, incidence
of compressional waves from the magnetosphere, acoustic
impacts of earthquakes, tropical thunderstorms etc. Federov
et al. (1999) have theoretically shown the possibility of iono-
spheric propagation of disturbances produced by variation of
the electrojet currents. They have also shown the existence of
large-scale compressional surface mode at small inclination
of the geomagnetic field along the E layer. The propaga-
tion of this mode, in the anisotropic ionospheric plasma, is
called gyrotropic modes (Sorokin and Fedorovich, 1982),
takes place in a diffusive way along the E layer. Its damp-
ing scale is larger than the skin depth and may reach sev-
eral kilometres. The apparent propagation velocity of these
modes, according to them, is determined by height integrated
Cowling conductivity at the near equatorial latitudes and by
the combination of Hall and Pedersen conductivities at other
latitudes, and is about 20–100 km/s in Pc3–4 range. Rao
(1996) has visualised a mechanism wherein intense instabil-
ities (shears) of the daytime equatorial electrojet may excite
wide-band MHD disturbances in the lower ionosphere and
the part of these disturbances with frequencies correspond-
ing to gyrotropic MHDmodes (about 20–60 sec) are trapped
into the E-layer and propagate away from the equator with
velocities 10–30 km/s. In addition, Roy et al. (1999) have
conjectured that the pulsations in the period ranges, 8 to 30
min, are produced by some local source in the daytime of
the equatorial ionosphere populated by a variety of plasma
irregularities in the form of density fluctuations. Perhaps,
these pulsations observed by us at only the equatorial region
are due to manifestation of gyrotropic MHD waves gener-
ated/amplified in the E-region of the equatorial electrojet.
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